Much progress has been made over four decades in developing, testing, and evaluating the performance of mathematical models for predicting pollutant concentrations from smoking in indoor settings. Although largely overlooked by the regulatory community, these models provide regulators and risk assessors with practical tools for quantitatively estimating the exposure level that people receive indoors for a given level of smoking activity. This article reviews the development of the mass balance model and its application to predicting indoor pollutant concentrations from cigarette smoke and derives the time-averaged version of the model from the basic laws of conservation of mass. A simple table is provided of computed respirable particulate concentrations for any indoor location for which the active smoking count, volume, and concentration decay rate (deposition rate combined with air exchange rate) are known. Using the indoor ventilatory air exchange rate causes slightly higher indoor concentrations and therefore errs on the side of protecting health, since it excludes particle deposition effects, whereas using the observed particle decay rate gives a more accurate prediction of indoor concentrations. This table permits easy comparisons of indoor concentrations with air quality guidelines and indoor standards for different combinations of active smoking counts and air exchange rates. The published literature on mathematical models of environmental tobacco smoke also is reviewed and indicates that these models generally give good agreement between predicted concentrations and actual indoor measurements. - T; Qt(T), amount of pollutant exiting the mixing volume over time T; SF6 sulfur hexafluoride; t, time; T, special time period of interest; T, air residence time; w, air flow rate; z(t), z, pollutant concentration at time t, z(T), average concentration over time T, Az, change in concentration; 0, air exchange rate; 4p, particle decay rate.
Considerable progress has been made over four decades in developing, testing, and validating mathematical models to predict the pollutant concentrations present in indoor settings due to smoking activity. Many of these models are summarized in a review by Repace (1) and a more recent technical paper (2) showing that all the models have a similar mathematical structure. All these mathematical models use the mass balance equation, which is based theoretically on the physical law of conservation of mass, to calculate the concentrations in indoor settings from a knowledge of the source strength (quantity emitted by the tobacco source per unit time), the volume of the indoor setting (for example, cubic meters), the effective air exchange rate [quantity of replacement air infiltrating per unit time expressed as air changes per hour (ach)], and the nonventilatory pollutant loss rate (quantity of pollutant lost indoors to particle deposition or chemical reactions). The mass balance model, or "mass balance law," is based on the law of conservation of mass: in classical physics, mass can be neither created nor destroyed. This law accounts for all the mass emitted, present, or lost, and it allows prediction of indoor pollutant concentrations based on the net flow of mass.
This article reviews the history of the development of the mass balance model and its application to predicting indoor concentrations from cigarette smoking. We Abbreviations used: ach, air changes per hour; ASC, active smoking count; CO, carbon monoxide; U.S. EPA, U.S. Environmental Protection Agency; ETS, environmental tobacco smoke; g, pollutant emission rate; g,,,, g, average pollutant emission rate; gig, pollutant emission rate for a cigarette; g(T), average source emission rate over time T; NAAQS, national ambient air quality standard; n(t) number of active smokers (ASC) in a room at time t; nave. average active smoking count; PM2.5, concentration of particles of size 2.5 p and smaller; PM35, concentration of particles of size 3.5 p and smaller; PM10, concentration of particles of size 10 microns and smaller; RSP, respirable suspended particles; Q,n(T), amount of pollutant entering the mixing volume over time T; Qt(T), amount of pollutant exiting the mixing volume over time T; SF6 sulfur hexafluoride; t, time; T, special time period of interest; T, air residence time; w, air flow rate; z(t), z, pollutant concentration at time t, z(T), average concentration over time T, Az, change in concentration; 0, air exchange rate; 4p, particle decay rate.
derive the time-averaged form of the model theoretically from the law of conservation of mass and illustrate how to predict indoor respirable suspended particle (RSP) concentrations from cigarettes using a convenient table. Other versions of the model, such as the recursive, instantaneous, and minute-by-minute forms, are solutions to the same basic differential equation and are discussed elsewhere in the literature (3) (4) (5) .
Experimental results show that these models can predict indoor pollutant concentrations from smoking activity in indoor settings with high accuracy (4-6). These models offer an easy-to-use, practical tool for predicting indoor air quality levels with acceptable accuracy for estimating the health risks of smoking indoors. The models are especially useful for calculating the conditions required to achieve and maintain acceptable indoor air quality standards. These models allow one to predict indoor pollutant concentrations from a knowledge of the smoking activity, which can be counted easily by an observer, and from other variables that are easily measured or estimated in real settings such as offices, taverns, smoking lounges, stores, etc.
Historical Background
Various investigators have used the mass balance equation to predict pollutant concentrations from tobacco smoke sources in indoor locations for over four decades. In 1960 Brief (7) proposed a simple graph to determine transient concentrations for pollutants in indoor settings that is based on an exponential decay as a function of time. Soon afterwards, Turk (8) proposed a general equation for calculating the concentrations in a chamber that includes both exterior and interior sources, as well as the removal effect of pollutants by air treatment systems. In 1972, Bridge and Corn (9) reported that a solution to the equations proposed by Turk (8) 
Smoking Activity Patterns
Each smoker ordinarily engages in a sequential smoking activity pattern over time: one cigarette is smoked after another, with a recovery period between each cigarette. Thus, a person in a space (an office, an automobile, a smoking lounge, a restaurant) with a smoker is exposed to a time series of concentrations resulting from a succession of cigarettes that reflects the smoking activity patterns of the smoker. (5, 13) . If one person were present who smoked a cigarette for 10 min every 20 min, we would conclude that a cigarette is being smoked, on the average, one-third of the time, and the average ASC would be nave = 1/3 cigarette. If three such persons were present in the room, then the ASC would be nave = 1.0 cigarettes, the same result as for a single cigarette smoked continuously over the entire sampling period.
Ott et al. (4) apply the basic mass balance model to the case of a sequence of cigarettes smoked one after another; they evaluate the validity of the model in a chamber with a smoking machine and an automobile with a real smoker. They also theoretically derive general expressions for the minimum, maximum, and mean pollutant concentration in a well-mixed microenvironment for any cigarette smoking activity pattern. In these field experiments in an automobile and a chamber, the predicted pollutant concentration as a function of time (the calculated time series of concentrations) shows excellent agreement with concentrations measured using instruments such as high resolution, realtime electrochemical CO monitors (20) capable of monitoring continuously or in real time.
The equations in Ott et al. (4) are consistent with previous ETS indoor air quality models derived by Repace (21) and Repace and Lowrey (12, 15) . Repace (1) described a person with uniform smoking activity (fixed cigarette duration and same time between cigarettes) as a habitual smoker. Ott et al. (4) (4), the two models agree. Thus, recently published research establishes the universality of models for predicting concentrations indoors, such as the models of Repace and Lowrey (12, 15) , although a mixing factor appears in some of the earlier models that is not used in the later ones. In summary, all the models in the literature are essentially the same because they are derived from the same basic equation describing conservation of mass, the mass balance model.
The exponential solutions to the mass balance equation (14) provide a theoretical basis for calculating all the parameters of the model-air exchange rate, source strength, and sink removal terms-in a single experiment (4). The air exchange rate can be determined from the exponential decay of concentrations in the microenvironment. The source strength can be determined from the equilibrium concentration with known smoking activity. The sink removal term for pollutants that adhere to surfaces, such as particles, can be determined by subtracting the particle decay rate from the decay rate for a pollutant that has no surface sinks, such as CO or sulfur hexafluoride (SF6).
As discussed by Klepeis (6), several investigators have studied an important assumption in the mass balance modelthat the pollutant is well mixed using experimental measurements at multiple points in chambers (4, 22, 23) , at a tavern (13, 24) , and at airport smoking lounges (5). Mage and Ott (24) describe each indoor air pollution episode as separable into an alpha period, a beta period, and a gamma period. The alpha period describes the time during which the cigarette source is actively burning; the room is not yet well mixed because high concentrations occur very close to this emission point source, as we might expect. When the cigarette is extinguished, a transition time period can be identified-the beta period-in which the room changes from poorly mixed to a well-mixed state in which the ratio of the standard deviation of the concentrations throughout the room to the mean is less than 0.10 (that is, the spatial coefficient of variation is less than 10%). After the beta Environmental Health Perspectives * Vol 107, Supplement 2 * May 1999 376 period, the room enters the gamma or well-mixed period, which lasts until the room concentration is 1% of its maximum value attained at the beginning of the beta period. During the gamma period, the source no longer is emitting, and concentrations decay exponentially at all locations in the mixing volume. For a cigarette, the alpha period is equal to the duration of active smoking, or 7-10 min, which typically is much less than the gamma period.
Use of the ratio of the standard deviation-to-mean of 0.10 as a criterion for a well-mixed room is based on research by Baughman et al. (22) (5) report similar uniformity of concentrations in two airport public smoking lounges. They visited the two lounges 5 times each and counted smokers every minute while recording CO and RSP concentrations at 1-and 2-min intervals, respectively. They used three piezoelectric microbalances to measure fine particle concentrations at three widely spaced points in these lounges and report that the average difference in fine particle concentrations across the room was 12%. Their airport lounge studies permit estimates of the average source strength per cigarette under realistic smoking conditions, which were 11.9 mg/min for CO and 1.43 mg/min for RSP (5) . Again, these lounges, like other locations where smokers typically are present, were sufficiently well mixed to allow the mass balance model to be applied with high accuracy.
Mage and Ott (24) note that the cigarette is especially well suited for making accurate predictions using the mass balance equation in most typical settings because of its short alpha period compared with its typical gamma period. Typically, each cigarette is smoked for only 7 to 10 min, whereas the average residence time [time required for the concentration to reach l/e, or 37% times its maximum value; (14) ] of the air in most indoor microenvironments is much greater than 10 min. The ventilatory residence time is the reciprocal of the air exchange rate. An indoor location with an air exchange rate of two air changes per hour (ach) has a residence time of 30 min, and the gamma period for this situation is 4.6x30 min = 138 min, since 138 min is required to reach 1% of the initial maximum concentration. The gamma period multiplier results from the natural logarithm of 1%, or ln (0.01) = 4.6. If we ignore the beta period, which appears to be quite small in real settings where experiments have been conducted, then the proportion of the total episode in which the air is poorly mixed will be (10 min)/(10 min + 138 min) = 0.068, or poorly mixed for only 6 Each cigarette has its own brief alpha period relative to the longer gamma period. On the basis of the law of superposition (the concentrations caused by each source of the same pollutant in an indoor setting are linearly additive), each cigarette's poorly mixed time period is relatively small. Thus, for the cigarette, the requirement that the room be well mixed is almost always met in typical locations where smokers are found, and even the minute-by-minute concentrations predicted by the mass balance equations usually follow the minute-by-minute observed concentrations quite well (5).
Derivation of Mass Balance Equation
Several books discuss the derivation of the mass balance equation and its application to predicting indoor air pollutant concentrations (25) (26) (27) , and a variety of scientific papers discuss its use in determining source emissions and predicting indoor air quality levels (28-31). Many investigators also have applied the mass balance equation to predicting ETS from cigarette smoking in indoor settings (1,2,4-13, 15, 16) , and, where measurements are available, their results usually are in good agreement with observed and predicted indoor concentrations from smoking.
Although derivation and application of this model are described in the scientific literature, the model can be derived theoretically in only a few mathematical steps. Because these steps give insight into the basis for the model and are easy to follow, it is instructive to present them here. Consider the well-mixed volume such as a room or a chamber in Figure 1 with an internal concentration z = z(t). Suppose that Qjn( T) denotes the total amount of Q(T)m -Q(T),.t = Vz(T) [1] This equation states that the difference between the total amount of pollutant that has entered the room and the amount that has departed at time T is the amount remaining in the room, vz(T), the product of the volume, v, and the concentration z(T), which is everywhere the same throughout the room based on the assumption of uniform mixing. If a cigarette emitting at a rate (mass/time) of g at time t is the only source within the room and if the exit air flow rate (volume/time) is w, then the mass exit rate (mass/time) is wz( T). Simplifying the notation by letting z = z(t), Equation Consider an important refinement to Equation 1 that includes an initial condition z(0) time t = 0: Q(T).n -Q(T)ot = vz(T) -vz(O) [5] Suppose we now divide all terms in this equation by T:
Inspection of Equation 6 shows that the first term is the time-weighted average of the source strength, whereas the second term is the time-weighted average of the product of the flow rate w and the average concentra- These equations are discussed elsewhere in the literature in greater detail (2, 4, 13) . Solving Equation 7 for the average concentration within the mixing volume, we obtain the following important result: z(T = --vAz [8] is exact, and it predicts that the average concentration in an indoor location is the product of the average smoking count, nave, times the average individual cigarette emission rate gcig divided by the flow rate w, provided the trend correction term Az/4Tis subtracted. Ott et al. (13) actually may not be necessary, and the models can be used to predict the unknown concentrations. These indoor air quality models also serve as the building blocks for developing larger total human exposure models designed to predict the frequency distribution of exposures across large populations and for making health risk assessments.
